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Abstract: Surface-enhanced Raman scattering (SERS)
imaging is a powerful technology with unprecedent
potential for ultrasensitive chemical analysis. Point-by-
point scanning and often excessively long spectral
acquisition-times hamper the broad exploitation of the
full analytical potential of SERS. Here, we introduce
large-scale SERS particle screening (LSSPS), a multi-
plexed widefield screening approach to particle charac-
terization, which is 500-1000 times faster than typical
confocal Raman implementations. Beyond its higher
throughput, LSSPS simultaneously quantifies both the
sample’s Raman and Rayleigh scattering to directly
quantify the fraction of SERS-active particles which
allows for an unprecedented correlation of SERS
activity with particle size. . D

Introduction

Surface-enhanced Raman scattering (SERS) spectroscopy is
an ultrasensitive molecular spectroscopy with detection
sensitivity down to the single molecule limit."! This techni-
que, coupled with a microscope, allows for not only the
chemical and structural analysis of two- and three-dimen-
sional biological and non-biological materials, but also the
development of optical sensors with sub-micrometer spatial
resolution. In fact, SERS microspectroscopy has been
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successfully used in biological applications® for the immu-
nostaining of tissues for cancer diagnosis,”! phenotypic
classification of cells,!! real-time monitoring of the metabo-
lism in living cells®! or visualizing drug delivery at the
cellular level.”! SERS imaging has also been widely applied
in environmental science,”! for the characterization of
ancient paintings,”™ the engineering of optical sensors” and
even for the characterization of surfaces”! and single
particles."!! The real potential of this technique is, however,
hindered by its imaging operation. Contrary to other, color-
blind, imaging techniques, where images are often acquired
in a so-called widefield geometry by simultaneously exciting
the entire sample, SERS maps are constructed from many
local point- or line-exposures, which are ultimately com-
bined to generate an image. This scanning process is slow
and, consequently, suffers from several intrinsic problems.
First, even smaller maps are composed of several hundred
spectra, with total acquisition times of many minutes or
even hours. Quantitative imaging over such extended time-
scales is non-trivial. Additionally, this problem is exacer-
bated in samples where illumination pre-imaging due to, for
example, the tails of the illumination spot, may cause
irreversible damage via photosublimation, photocombustion,
photobleaching and/or photoreaction.!'”! Second, considering
the high spatial resolution of the maps, with step sizes of
1 ym?* and below, even minor mechanical instabilities, over
the often minutes-to-hours long acquisition periods, may
translate into SERS map artifacts. In summary, there is a
need for innovative approaches that enable fast SERS
interrogation of both single particles and aggregates. Such
approaches would enable much needed quantitative SERS-
sample characterization as well as their application in
sensing schemes in the context of tissues, cells or other
surfaces.™!

Here, we present large-scale SERS particle screening
(LSSPS) which allows acquiring spectra of many thousands
of individual SERS particles. LSSPS is based on a simple-to-
implement  highly = multiplexed  widefield  optical
microscope!' capable of generating single-shot SERS maps
of many individual particles within seconds. Beyond these
capabilities, our microscope simultaneously quantifies the
sample’s Rayleigh scattering, thus allowing for an unprece-
dented classification of plasmonic materials by correlating
SERS activity with the particle-size dependent scattering
intensity. To demonstrate the working principles and high
throughput of this screening platform, we prepared several
types of SERS nanoparticles (NPs), which we labeled, or
encoded, with different types of molecules, and with a large
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enough optical efficiency to allow facile single-NP observa-
tions.

Results and Discussion

Figure 1 explains our SERS-particle synthesis strategy and
shows TEM images of the SERS encoded NP-aggregates!'!
which we will refer to as core@satellite structures through-
out the manuscript. Briefly, 15 nm diameter silver NPs (i.e.,
satellites, Figure 1b) were produced following a previously
reported protocol.’ Silver NPs with 90 nm diameter were
prepared via kinetically controlled growth!”! (i.e., cores,
Figure 1b) using citrate and ascorbate as both surfactants
and reducing agent. Both NPs were then encoded with the
SERS reporters by first coating them with mercaptoundeca-
noic acid (MUA) followed by addition of the molecular
labels, or SERS codes.

These codes diffuse into the aliphatic pockets created by
the MUA and bind to the metallic surface without perturb-
ing the colloidal stability of the particles, regardless of the
chemical nature of the molecular reporter. Due to the
alkaline environment, the acidic terminal group of MUA
was ionized resulting in a NP surface charge (i.e. zeta
potential) of —46 and —52 mV for NPs of 90 and 15 nm,
respectively. Thus, to form the core@satellite structures, the
cores were coated with a submonolayer of polyethylenimine
(PEI), under well-controlled conditions, until the zeta
potential reached 35 mV. This suspension of positively
charged cores was then added dropwise to a solution
containing the negatively charged satellites. Following
electrostatic retention of the satellites onto the cores, the
resulting sols were extensively cleaned to remove the
remaining free satellites. The core@satellite assembly was
then coated with silica (Figure 1b) to ensure optical and
colloidal stability. Optical characterization via localized
surface plasmon resonance (LSPR) measurements shows
the characteristic bands at 390 nm and 482 nm for the single
Ag NPs of 15 nm and 90 nm, respectively (Figure 1c). The
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Figure 1. a) lllustrative description of the fabrication of silver core@sa-
tellite SERS encoded nanoparticles. b) TEM images of the satellites
(AgNPs, 15 nm, left), cores (AgNPs, 90 nm, centre) and high-
resolution TEM images of the core@satellites coated with silica (right).
¢) Normalized localized surface plasmon resonances for the satellites,
cores and their assemblies.
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core@satellite complexes exhibit a notable redshift to
658 nm due to hot-spot formation'”! between both the core
and the satellites as well as between individual satellites.”

Figure 2 presents characterizations of the five different
SERS codes employed in this study: rhodamine 6G, R6G;
3,4-dichlorobenzenethiol, DCBT; 4-fluorobenzenethiol,
FBT; 4'-bromo-4-mercaptobiphenyl, BMBP; and, 4-(dimeth-
ylamino)benzenethiol, DMBT. We spin-coated particles
onto #1.5 microscope cover slides, achieving approximate
particle densities 0.02 particles per um’. To ensure the
presence of single core@satellite assemblies, rather than
large aggregates, we first SEM visualized the structures
(Figure 2a).”! Figure 2b shows representative SERS maps
obtained with a confocal Raman microscope in the typical
point-by-point scanning mode. The mapped area (21x
21 ym) is composed of 441 spectra that were acquired with
an integration time of 1 s per point. Obtaining the full image
hypercube thus required approximately 8 mins of pure
observation time. We note, however, that we are consider-
ably under sampling as the nominal pixel size of 1 um is
larger than the diffraction limit of 420 nm: imaging at the
Nyquist limit would have required a total of 42 mins of
observation time. Irrespective, the SERS spectra of individ-
ual clusters in combination with the SEM images (Fig-
ure 2a—c) confirm the successful synthesis and functionaliza-
tion of the five SERS codes. The rather slow conventional
imaging throughput, however, severely hampers our ability
to perform systematic sample characterizations on large
numbers of individual SERS particles, a limitation that
ultimately prevents powerful diagnostics and sensing appli-
cations based on large-scale single-particle imaging.

The LSSPS platform solves the aforementioned visual-
ization challenge and enables high-speed imaging of large
numbers of individual SERS codes in a fully automated
fashion (Figure 3). Rather than point-scanning across the
sample we widefield-illuminated a 120 ym diameter sample-
area and collected the generated Raman scattering with a
diffraction limited spatial resolution of approximately
240 nm. The collected light propagated through a custom-
build “imaging and spectroscopy” module that simultane-
ously acquired so-called reference and spectral images on
the same sCMOS camera (Supporting Information). The
reference image, containing approximately 10% of all
collected photons, reports on the particles’ positions in the
sample plane albeit in a color-blind fashion. The information
content is hence comparable to the integrated confocal
SERS maps shown in Figure 2b. In the spectral channel, we
spectrally dispersed the image by inserting a prism into the
relay imaging system as shown in Figure 3. The combination
of the position and the spectral channel ultimately allows
extracting single-particle spectra from the widefield record-
ing (Supporting Information) as the particles’ positions
define their respective wavenumber axis. We further used a
flat illumination profile to ensure quantitative signal magni-
tudes (Supporting Information). Ultimately, we imaged the
exact same samples as already used in the experiments
presented in Figure 2. Rather than raster-scanning a 1 um
confocal spot, however, we scanned a 120 pm illumination
area across the sample thus giving us a nominal > 10*-fold
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Figure 2. a) SEM images for core@satellites encoded particles labelled with five different SERS codes (rhodamine 6G, R6G; 3,4-dichloroben-
zenethiol, DCBT; 4-fluorobenzenethiol, FBT; 4'-bromo-4-mercaptobiphenyl, BMBP; and, 4-(dimethylamino)benzenethiol, DMBT). b) SERS maps
and c) SERS spectra of the particles obtained with a confocal Raman microscope using a 633 nm laser line and a 50x0.75 NA objective at an
excitation fluence of 160 W cm™2 The size of the map (21x21 pm) is composed of 441 spectra that required ~8 min of observation time
(integration time of 1 spixel™). All SERS images are plotted using the same xy-scale and photon-range, higher photon numbers are capped for

representation purposes, as indicated in the scale-bar.

throughput advantage and a total observation area of
several mm?, depending on the total number of images
acquired.

Figure 4a shows representative, median-background sub-
tracted (Supporting Information), sample images (top) and
spectrally dispersed images (bottom) for the 5 different
SERS codes acquired on the same samples as previously
used in Figure 2. These images were obtained with a 60 x
objective and a grating-filtered 638 nm diode laser (Support-
ing Information), with a fluence of 270 Wcm ™2 Each image
was obtained by averaging 10 acquisitions with an exposure
time of 200 ms per image (total measurement time of 2 s)
while flat-top illuminating the sample. As explained pre-
viously, the position information of the individual particles
allows isolating their spectra from the dispersed channel™!
to, ultimately, extract the SERS spectra of all individual
particles (Figure 4a,b).

Even the few spectra shown in Figure 4b already high-
light distinct differences between individual particles in
terms of background luminescence, SERS intensities and
ratios of the individual Raman active modes. More impor-
tantly, LSSPS relies on autonomous image-acquisition thus
allowing us to characterize thousands of individual SERS
codes. Figure 5a highlights these capabilities, showing the
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amplitude-sorted spectra of 3809 DCBT-labeled core@satel-
lites obtained from a total of 775 images, on a total area of
~10 mm?, of the extremely sparse sample described above,
containing only ~5 SERS-active particles per 120x120 pm?
field-of-view.

Figure 5b presents representative single-particle spectra
for both dim (top two) and bright (bottom two) particles,
highlighting strong inter-particle differences. For example,
the bright spectra exhibit near-identical integrated photon
counts but their Raman spectrum-to-background ratios
differ dramatically. One spectrum is background-dominated
with very weak Raman signatures while the other shows
strong SERS activity with little luminescence-background
contributions.

To further explore how ensemble spectra compare to
single-particle observations we repeated the experiment
outline above and acquired 775 images for each of the five
SERS codes. Even though we used samples with nominally
identical particle densities we obtained “only” 1500 to as
many as 11000 single-particle spectra, depending on the
SERS code. This difference might be due to non-uniform
spin-coating, particle aggregation post-synthesis, contamina-
tion of the core@satellites with single particles and plain
silica spheres (see Figure S1), or code-specific functionaliza-
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Figure 3. Schematic of the LSSPS platform composed of a standard
widefield microscope extended with “beam homogenization” and
“imaging and spectroscopy” modules. The beam homogenization
module (Supporting Information) ensures a flat illumination profile
over the entire field of observation to allow quantitative SERS intensity
measurements. The imaging and spectroscopy unit simultaneously
records an image of the sample plane alongside a spectrally dispersed
copy of said image on the same sCMOS camera (Supporting
Information). This combination ultimately allows extracting single-
particle spectra from the camera recordings (Supporting Information).

tion-success and brightness. The mean spectra, estimated
based on particles exhibiting moderate intensities (40-60 %
fraction), show good spectral agreement with ensemble-
based Raman spectra (Figure 5¢) but also highlight interest-
ing SERS-to-background differences between the codes.
These variations can be ascribed to geometrical effects and
surface selection rules® which ultimately alter the Raman
activity of the different vibrational modes of the coding
molecules due to the monolayer packing in the metallic
surface, which might result in an overall reduction of all
SERS bands in the mean spectrum. In fact, this is a common
observation in single-molecule SERS spectra of anisotropic
nanoparticles or aggregates, regardless of their homogene-
ity.

To gain further insight we performed some basic
statistical analysis (Figure 5d), comparing single-particle
luminescence backgrounds (evaluated in the spectrally silent
875-950 cm ™' region), maximum emission intensities and
signal-to-background levels. The latter attempts isolating the
pure SERS contribution by removing the luminescence
background counts. Even though considerable differences
are present between all distribution functions the variability
is considerably reduced in the background-subtracted frac-
tion. In our logarithmic basis, these functions are reminis-
cent of normal distributions centred around 300-400
photons albeit at varying variances and some outliers
towards very high/low photon counts. In other words, even
though the ensemble spectra (Figure 5c) indicated that
DCBT might be poorly performing the single-particle
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analysis (Figure 5b,d) revealed that a large sub-ensemble
with satisfactory SERS-brightness existed. The most likely
reason for the low mean-signal is the presence of residual
single Ag-particles and plain silica spheres.

To highlight the importance of characterizing such
variability, a task difficult to achieve with conventional
microscopes due to their limited throughput, we now focus
on the FBT code. Figure 6a shows an amplitude map
composed of 5134 FBT-labelled core@satellite single par-
ticle spectra. Contrary to our previous analysis which relied
on total photon-emission (Figure 5a), we now sorted the
spectra based on a ratio of maximum counts to mean
background signal. The rationale behind this choice is to
distinguish highly SERS-active from inactive particles, such
as bare Ag or condensed silica NPs. Indeed, principal
component analysis (PCA) performed on the top (bottom)
ten percent of these sorted spectra allowed extracting
representative “SERS” and “luminescence” spectra as the
first principal component (Figure 6a).

The principal components were then normalized with
respect to their mean background level (875-950 cm™
region) and used to classify the entire, equally normalized,
dataset. Within the scope of this first implementation of
LSSPS we relied on a simple correlation-based classifier
without performing the generally necessary validation steps:
when the correlation (r) between the measured spectrum
and either “SERS” or “luminescence” >0.7 the spectrum is
classified accordingly. In all other instances (e.g., rsers > 0.7
and Tuminescene >0.7 or T'SErs <0.7 and Tuminescene <07) we
classify the particle as unknown. Figure 6b shows the
resulting classification. 48 % of the particles show very
consistent spectral features corelated with “SERS”, 25 %
show little SERS-activity and the remainder shows dissimilar
vibrational patterns to what we expected. Interestingly, even
these unknown spectra exhibit highly-conserved features.
Based on this classification we computed the mean spectra
of the “SERS” and “unknown” fraction and compared it to
the sample mean over all particles. This comparison high-
lights that even though ensemble SERS measurements are
highly useful they might only be partially suitable for
describing the system (Figure 6c).

Following the approach outlined above we moved on to
extract principal component luminescence and SERS spectra
for all five codes. We then used these components to
attempt correctly classifying the individual SERS codes after
combining all spectral measurements. This analysis mimics a
potential sensing-scenario where several SERS codes are
simultaneously used for multiplexed detection of multiple
analytes. As previously, we relied on a simple correlation: if
r>0.7 for only one principle component spectrum, the
particle was assigned to this class; if 7yminescene > 0.7 for
multiple luminescence components but rgzes <0.7 for all
SERS components the particle was assigned to lumines-
cence; if r<0.7 for all we assigned the particle to unknown;
finally, if r>0.7 for more than one component including
SERS components we increased the threshold to »>0.9 and
re-evaluated following the logic outlined above. Figure 6d
summarizes the classification results.
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Figure 4. a) Median-background subtracted sample images (top) and spectrally dispersed images (bottom) acquired by LSSPS. Representative, by-
hand selected, particles are indicated by circles and their corresponding dispersed images by circular boxes. All images are plotted using the same
xy-scale and photon-range, higher/lower photon numbers are capped for representation purposes, as indicated in the scale-bar. Particle-spectra
that considerably overlap with other particles were excluded from the selection. b) Raman spectra extracted by integrating the individual particle

spectra highlighted in (a).

Based on the previous analysis of the single particle
spectra (Figure 6a—c) it is unsurprising that a considerable
fraction of the particles, approximately 50 %, is classified as
either SERS inactive or unknown, a finding that mainly
reflects the difficulties associated with synthesizing highly
uniform particles. From an analytical point of view, how-
ever, the main concern is regarding false positives, that is
incorrectly assigning one SERS code to another SERS class.
The table shown in Figure 6d shows that our simple classifier
model is ill-suited for classification when the R6G code is
included in the analysis which results in considerable
misclassification of up to 16 %. However, simply eliminating
the R6G code allows restoring near-perfect classification
with classification errors <0.5% for all SERS codes albeit
the rather simple algorithm. We anticipate that more
advanced feature-selection and classification approaches will
enable confident identification of essentially all SERS active
codes.

Thus far, we have uncovered discrepancies between
ensemble and ensemble-level™ single particle observations:
changes in spectral amplitudes, signal-to-background varia-
tions as well as spectral changes reminiscent of chemical or
conformational variability on the molecular level. All of
these observations crucially relied on detecting frequency-
shifted particle luminescence. This approach is ill-suited for
quantitatively characterising the SERS code population as it

Angew. Chem. Int. Ed. 2022, 61, €202200072 (5 of 8)

potentially only captures a fraction of the synthesized
particles. Non-luminescent particles remain undetected and
it is hence difficult to judge the absolute quality of the as-
prepared SERS codes. To address this shortcoming, we
slightly modified the experimental setup (Figure 3). We
moved the laser-rejection filter past the beam-splitter
separating the reference and spectral channels and placed a
darkfield mask into the conjugate back-focal-plane of the
“reference image” channel (Supporting Information). This
modification allowed us to darkfield-detect the particles and
simultaneously characterize their luminescence properties
via the “spectral channel”.

Figure 7a shows a representative darkfield image of the
spin coated DMBT codes, the sample that showed the
smallest number of luminescent particles (Figure 5d). The
acquisition of 775 images yields a total of 6760 spectra of
different assemblies (Figure 7b) which are classified as
either SERS (top) or inactive (bottom), following the
previously described PCA protocol. We detected a total of
1848 luminescent particles which is in good agreement with
the number of particles observed during the initial experi-
ments (Figure 5c¢).

Finally, we compared scattering intensities and SERS
activity. In routine practice, it is necessary to SEM-
characterise the sample, a destructive methodology, and
then perform optical measurements on a different subset of
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Figure 5. a) Amplitude plot of 3809 single particle spectra recorded for
DCBT. The spectra are sorted by their integrated brightness. Square-
root intensities (amplitudes) are shown for representation purposes.
b) Representative single particle spectra for both dim (top two) and
bright (bottom two) candidates. The spectra are offset for clarity, the
dashed lines indicate zero photons after median-image subtraction.
) Mean spectra of the five SERS codes, computed based on particles
exhibiting moderate brightness (40-60% fraction of the integrated
intensity distribution function). d) Emission intensity distribution
functions for both background and SERS-signals, calculated based on
all single-particle spectra. Unfilled: mean of the 15 largest intensity
values; Filled and transparent: mean of the 15 values comprising the
background region (875-950 cm™); Filled: mean of the 15 largest
intensity values after background subtraction.

the sample (Figure 2).?" Albeit yielding valuable insight, the
intrinsically low throughput of both techniques makes it
difficult to perform statistically sound sample-characteriza-
tions. Our approach allows label-free identifying all particles
in a non-destructive fashion while simultaneously detecting
the luminescence of the same particles. Figure 7c correlates
the scattering and luminescence intensities of both the
SERS-active and inactive fractions. If we assume that
scattering intensity reports on the particle size,** then the
data suggests that luminescence is largely unaffected by the
size. Only the smallest particles seem to exhibit considerably
reduced luminescence probabilities, as can be seen by
comparing the two scattering intensity probability densities
where the inactive fraction exhibits a maximum at the low
intensity side. We speculated that these weakly-scattering
objects might be only partially assembled particles and
hence attempted increasing the percentage of SERS active
particles via scattering-intensity based thresholding (Fig-
ure 7d). Even though we were able to slightly increase the
fraction of active particles, by approximately 7-8 %, the
overall change is rather small given that we were forced to
reject >50 % of all detected particles. In other words, SERS
activity and particle size seem to, indeed, be relatively
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Figure 6. a) Amplitude plot of 5134 FBT-coded single particle spectra
sorted by the ratio between maximum value and mean background
(875-950 cm ™' region). The blue/pink insets show the first principal
component obtained by relying on the top (bottom) 10% of the sorted
spectra. The fractional variance of the first principal components is
96 % (“luminescence”) and 87% (“SERS”). b) Classified spectra. Each
spectrum is normalised to the mean of its 15 largest values. c) Mean
spectra obtained by averaging the normalised “SERS” (pink), non-
classified (black) and all (blue, filled) spectra. d) Particle classification
based on simple correlation coefficients using the “luminescence” and
“SERS” spectra of all 5 types of SERS coded particles, obtained
analogous to the FBT example discussed in detail. Each column shows
the respective assignment of a measured particle, ??? indicates
unknown spectra and lum luminescence.

uncorrelated, as already seen in Figure 7c. Based on these
observations we estimated the fraction of SERS active
particles to being 30-35 %.

Conclusion

To summarize, we introduced large-scale SERS particle
screening (LSSPS): a much-needed approach to SERS
imaging and spectroscopy that offers key advantages over
conventional confocal Raman microscopy. We implemented
the LSSPS platform based on a multiplexed and spectrally
dispersed widefield microscope with flat-top illumination to
ensure quantitative signal levels over the entire, 120 um
diameter, field of single-shot observation with commonly
imaged areas exceeding several mm” This approach is
theoretically about 10000 times faster than our currently
available confocal implementation even though experimen-
tal constraints based on particle densities reduces this best-
case-scenario to approximately 500-1000 times for realistic
particle densities. This increase in acquisition rate is para-
mount for essentially all SERS imaging applications, but
especially for those related to biological samples, including
tissues and cells, where photodegradation of the sample or
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Figure 7. a) Representative darkfield image of the DMBT sample, the
normalised counts are capped at 33 % of the image-maximum for
representation purposes. b) Spectra of all 6760 particles after classi-
fication into SERS-active (top) and inactive (bottom). Each individual
spectrum is normalised to the mean of its 15 largest values. The
apparent spectral signatures in the inactive fraction are an image
pixelation-based representation artefact due to very few unclassified
candidates with minor SERS activity. The spectral insets (pink and
blue) show 10 consecutive spectra to highlight that most inactive-
classified particles indeed show no SERS activity. c) Luminescence and
scattering intensity correlation plots alongside probability density
functions for the inactive (blue) and SERS-active (pink) fractions.

d) Scattering intensity-based thresholding slightly increases the fraction
of SERS active particles which is approximately 30-35 %.

photodamage of the biological structure is a severe problem.
Importantly, LSSPS allows rapidly collecting thousands of
spectra of individual SERS particles, which enables real-
time optical characterisation, and potentially feedback-loop
based synthesis optimisation, in an unbiased fashion.
Beyond the LSSPS methodology, the simultaneous acquis-
ition of widefield images ensures unbiased sample observa-
tions by capturing both Raman as well as Rayleigh
scattering. Ultimately, these capabilities drastically reduce
the need for thorough SEM characterization as Rayleigh
scattering directly reports on the sample quality as well as
the size of the objects under study. We anticipate that this
new family of microscopies will have a deep impact on both
the preparation of plasmonic materials and SERS sensors as
well as the imaging and analysis of complex samples.
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